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Time Domain Reflectometry 



The measurements we make are limited by the tools 
we have at our disposal. Often measurements must be 
made by roundabout methods because no instruments 
exist with which to make them directly. Such difficul- 
ties are typical of pioneering work in any field. It is 
then the business of the instrument maker to devise 
tools to simplify frequent measuring needs. 

Sometimes the cumbersome methods first required 
become so habitual, so ingrained, that the development 
of improved techniques is overlooked. This seems to 
be the case with respect to transmission and reflection 
measurement in the UHF and microwave range. Meth- 
ods long in use here are now obsolete hut are slow to 
give way to more modern direct methods. 

The time-honored method of measuring reflections 
on a transmission line is to measure, as a function of 
frequency, the standing wave ratio (SWR) produced 
by the reflections. The resulting curves of magnitude 
and phase of the SWR can, in simple cases, be un- 
scrambled to give the location and nature of the reflec- 
tions, but the interpretation is difficult at best. With 
each alteration or attempted improvement, a com- 




Kig. I. Tinir domain reftectometct setup using -hp- Mudel 
IJ15A plug-in unit with -hp- Model HO A Os< i / lust npe I'lug- 
in unit generates a lost step which is Jed to external circuit. 
Energy reflected by discontinuities and impedance changes in 
external circuit returns to plug in and is displayed on oscillo- 
scope, permitting magnitude, sign and physical location of dis- 
continuity to be read \rom scope face. 
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Fig. 2. A Typical Time Domain Refleclomcler, 

pletely new set of data must lie taken and re-inter- 
preted. The process is very time-consuming. 

The swept-frequency reflectometer speeds the meas- 
urement considerably but does nothing to simplify the 
task of interpretation. Since no phase information is 
obtained, the results from even a single simple discon- 
tinuity are ambiguous. 

The direct method of measuring reflections is to 
send out a pulse and listen for t he echoes. This is what 
we do in radar, this is what the dolphin does, and the 
blind man who taps his cane. If the pulse is short 
enough each reflection produces a characteristic echo 
distinct from all others. The interpretation is extremely 
simple and the effect of changes can l>e seen instantly. 

The pulse echo method has been used for many years 
for the location of faults in wide-band transmission 
systems such as coaxial cables. Here the time scale is 
such that microsecond pulses and megacycle band- 
widths suffice. But in the laboratory setup, where re- 
flections may be separated only an inch or less, nano- 
second pulses and gigacycle bandwidths are needed. 
Thus pulse echo reflectometry as a laboratory tool has 
had to await the development of fast pulse generators 
and oscilloscopes. With these the era of time domain 
reflectometry has arrived and it is time for engineers to 
become familiar with this new measurement technique. 

As shown in Figure 2, the time domain reflectometer 
consists merely of a fast rise-time pulse generator to 
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drive the system under lest and a fast 
rise-time oscilloscope to display the re- 
flections. No complicated directional 
couplers are needed to separate the In- 
cident and reflected waves; they are al- 
ready sepatated by time, so a simple 
probe suffices to pick up the signals on 
the line. In older not to complicate l lie 
picture with re reflections the probe 
should have a high impedance, and the 

generatoi should be a matched source. 
Relief lions from ihe system under lest 
arc then viewed onlv once lx-fore being 
absorbed by the generator. 

The time difference, t, between two 
successive echoes is 2s/v, where s is 
their separation along the line and v 
is the veluc its c>| propagation. We will 
show later that if t>Jf2, wheie T is the 
system rise time, the echoes can be re- 
solved. The minimum separation [or 
accurate measurement is therefore 
s = vr/1. Since V = 2 to .1 x 10"' cm/sec 
and. at the present state of the an, 
T< 10 "' Seconds, we find s to be about 
S mm. Discontinuities separated by less 
than this distance produce seriously 
Ovei lapping ec hoes and this cornplic ates 
the interpretation. However, such close 
separation complicates the frequency 
domain measurement equally. lb re- 
solve such echoes, s\VR measurements 

would have to be made ovei a liccpiciics 
l.mge o| to 10 (if., i.e. over a band 
c i imp. liable in the spec I ruin o( the pulse 




Fir. 4. After the reflection from o resistive 
termination the trace /ias the height 1 + p 
= 2R/IR + Z„) Thin is the male lau ol 
the simple ohmmeter shonn in Fig 3, Such 
a scale an the scope lace permits imped- 
ance to he reail directly. 



Fig. 3 (at lell) A fun- 
pie ohmmeter using a 
two volt battery pro- 
duces the same relation 
hctirccn terminal volt- 
age and resistance It as 
n transmission line ex- 
cited by a unit step 



Fig. 5 (at right). The 
re/lections produced by 
simple resistive and re 
active terminations. 




used in the lime domain case. 

Irregularities separated by more than 
(he minimum distance produce disiinci 
echoes. Kadi discontinuity then wiites 
its own signature on the trace: a char- 
acteristic pulse shape that immediate!) 
tells what kind of disc ontinuin is pus 
cnt. Further, the position ol the echo 
gives the location of the discontinuity. 
In exposed circuits one can touch the 
line to produc e an added echo. Then, by 
limning the point ol contact along the 
line till this added echo coincides with 
ihe system echoes, one can literally put 
his finger cm the troubles. In a Coaxial 
cable one can produce a reflection by 
squeezing the cable. 

Relict i ions ot i in ling a i intermediate 
points, unless epiile large, may be ig- 
nored. Rellec lions front connectors, a 
great bugaboo of SWR measurements, 

are ol no concern in time domain rellec - 
tomctry. Nor do rellec lions, no matter 
bow huge. Iiom lalei discontinuities 
aliect the interpretation ol a given ec ho. 
As a result, in i leaning up a system, one 
usually eliminates the hist echo first, 
then the second, and so on to the end. 
Because the measurement is dynamic 
one can find the requited cute I"i e.ic b 

ec ho very quickly experimentally. Often 

an entile system i an be c 01 rec led in less 
time than would be required to make 
the Erst ict ol SWR measurements. 

A modern sampling scope can accu- 
rately display signals ol 100 „\olts en 
less in the presence Ol signals ol 1 volt or 
more. It can therefore delect lellei lions 
that are down SO db Ot more. This 

corresponds to R< HH and u> SWR 
-~ 1.0002. and is beyond the capability 
ol the most elaborate freipicin \ domain 
lellec tometer fir slotted line 
ELEMENTARY ECHOES 

The test signal may lie either an im- 
pulse or a step Function, II the- system is 



linear the impulse response will be the 
derivative of the step response, so both 
waves contain essentially the same infor- 
mation. However, the step response is 
generally simpler in appearance, eastei 
to interpret, and displays more dearly 

such thiiigsasgr.idii.il impedance varia- 
tion with distance, l.'nless otherwise 
noted we will assume a step function 
lest signal. 

If the "system under lest" in Figure 2 
is simply a terminating impedance. 7-(p). 
the reflection coefficient will be 

The reflection of a step function will In- 
a wave. f(t). whose spectium 
l'"(p) = ,,(p) p. At a time ?f/v alter the 
inc Idem unii step passed the probe the 
reflected wave returns. The total re- 
sponse h(l) for t > 2i/v is the sum ol the 
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FRONT PAGE PHOTO 

Fig. 1 on the front page shows -hp- 
engineers Harley L. Halverson and 
George H. Blinn, Jr., using the -hp- re- 
Hectometer to determine the dimensions 
needed to achieve a desired impedance 
level in stnpline. A striplme test section 
is constructed with the width of its cen 
ter conductor varying linearly from one 
end to the other. By connecting this sec- 
tion to the reflectometer and then slid- 
ing a probe such as a pencil along the 
line, the point whose impedance is 50 
ohms is determined from the reflectom 
eter. The dimensions of the section at 
this point can then be measured No 
measurements or assumptions about 
dielectric constant are required. The 
method was conceived by Wayne Grove 
of -hp- Associates. 
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Fik. 6. Typical reflections produced by simple discontinuities. 



incident unit step and the reflection, i.e., 
h(t) = I 4- f<0 . t > 2f/v. (I) 

Let us now analyze a few simple cases. 
We shall consider the coaxial cable to he 
lossless so that Z„ is constant and real. 

If Z is a pure resistance then p is a 
constant independent of frequency. 
I hns f(i) is also a step function of mag- 
nitude (R - Z„)/(R + Z„). and 

for t > 0. We may invert this relation 
to get R/Z„ = h/(2-h). (3) 

Figure 3 shows a simple ohrnmeier 
consisting of a 2-volt batten, an inter- 
nal impedance Z„, and a meter to read 
the terminal voltage, e, when an un- 
known, R, is connected. The expression 
for the terminal voltage (anil therefore 
the ohrnmeier scale law) is identical 
with (2). Thus we may use an ordinary 
ohmmetcr scale normalized to Z„ at 
mid-scale, as shown in Figure 4, to read 
the terminating resistance. Alternatively 
we may compute the resistance from (5). 

If the termination is a pure capaci- 



tance, 



l I — pGZ, . . 

:7. = — ./>=; ' and (m 

p(. 1 I 4- pGZ, 



F(p) = ,.i]>)/p we find 

f(t) = 1 -2 cxp (-i/CZ„). 
Note that la] = I at all frequencies but 
that its phase changes Itom (1 to - as p 
increases from /em to infinity. For high 
frequencies the capacitor hulks like a 
slim 1 1 iii uit, while for low frequencies it 
looks like an open fire uit. Accordingly 
f(t) changes exponentially from —I at 
l = 0 to -fl at t = x. 

For an inductive termination. 
7 . pL - Z . 



and f(t) = 2 exp (-Z„t/L) -1. The re- 
flection is the negative of that for a 
capacitance, changing from 4-1 at t = 0 
to — I at t = do. This is to be ex|>eited 
since an inductance looks like an open 
(in nil loi high I'reipieiK ies and a short 
c in uit fm low frequencies. Again \p\ = I 
ai all frequent ies. 

The alx>ve cases for R, C, and L 
terminations are shown in Figure 5. 
The equations written by the curves are 
for h(t) = 1 + f(i). 

A simple discontinuity in a line adds 
an impedance, Z,„ if in series, or an 
admittance, Y d , if in shunt. Thus the 
line carrying the incident wave faces an 
impedance Z = Z d 4- Z„ or an admit- 
tance Y = Y 1) 4-Y„. The reflection co- 
efficient is therefore 



Z a + 2Z„ Y 4 + 2Y. 

Figure 6 shows the various cases of pure 
discontinuities, and the corresponding 
waveforms produced. In all rases one 
may chaw the waveform immediately bv 
determining whether the reflection, co- 
efficient at infinite frequency and at zero 
frequency is +1, 0, or —1. The result 
gives the value of f(t) at zero and in- 
finite time respectively. The transition 
is an exponential whose lime constant 
is determined by the value of the re- 
active element and the impedance il 
faces. 

The first two cases of Figure G ran 
occur because of poor contacts, bad 
insulation, or circuit loading. When 
R << Z,, or C << Y„. the reflection has 
the magnitude R/2Z. or C/2Y,. If we 
take ^ )=I0• , as a reasonable lower 
limit and Z„ = 50 ohms we find we ian 
detect a scries resistance of one hun- 



dredth of an ohm. or a shunt resistor 
of one megohm! 

The middle two cases of Figure 6 fre- 
quently occur as a result of cable defects, 
connector tolerances, or dimensional er- 
rors in design. Often the added react- 
ance or susceptance is so small that the 
time constant of the exponential is 
much less than the pulse rise time. This 
important case will be discussed in the 
next section. 

The last two cases in Figure 6 gen- 
erally occur only from accidental open 
or short c ircuits, in which case the time 
constant will be short, or from design 
elements in a high pass structure, in 
which case the time constant may be 
quite long. 

EFFECTS OF FINITE RISE TIME 

The waveforms derived in the previ- 
ous section are ideal in that they assume 
a zero rise-time step. The actual ob- 
served waveform is the same as would 
Ix; obtained by passing the ideal wave- 
form through a Filter whose step re- 
sponse is thai of the generator-oscil- 
loscope combination. The impulse 



r 



d 



Fit!. 7. As the reversed system impulse re- 
sponse (a) scans the ideal curve (b) the in- 
tegral of the product (shaded area) pro- 
duces the actual response shown in the 
lower curve. 
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response of lliis equivalent filter is theie- 
fore the derivative of the observed step 
response. 

As is well known, tlie ouipui of a 
linear filter is the convolution of the 
input with the filter impulse response 1 : 
(that is. the integral of the prodm i 
of the input wave and the impulse re- 
sponse reversed in lime, as the two 
functions scan past cadi other). Each 
step in the input integrates the impulse 
response to produce the step response: 
each input impulse produces an output 
impulse response. Figure 7 shows a typi- 
cal impulse response (a) reversed in time 
and scanning an ideal step and pair "I 
reflections (b). The step integrates the 
impulse response to pioduce the actual 
observed step response (r). The two re- 
flections scan the impulse response to 
produce a bump (d) and a dip (e) each 
of which is a replica of the impulse 
response and has the same area as the 
reflection pioduring it. 

The reflections in Figure 7 are typical 
of a small series inductance and shunl 
lapaiitaiue and have the areas L/2Z 
and CZ„/2 respectively. Rather than try- 
ing to estimate the area of (d) or (e) in 
order to lind L or C. it is easier to esti- 
mate the peak amplitude, a. of the ob 
served reflection and the maximum 
slope, m. of the step response. Since the 
latter is also the peak value of the re- 
sponse to a unit area impulse, it follows 
that n is m limes the area. L/2Z, at 
CZ„/2. of the actual impulse. Therefore. 



L = 2Z , - 
tn 



C = 



/ m 



CO 

(5) 



B M. Oliver. "Square Wave and Pulse Testing ot 
Linear Systems," Hewlett-Packard Journal, Vol, 7, 
No. 3, November, 1955. 
' "Table of Important Transforms," Hewlett Packard 
Journal. Vol. 5, No, 3-4, Nov-Oec, 1953. (Also re 
printed in expanded form.l 



Fig. S (at left). Pairs of closely spaced 
reflections as they would be seen with 
a zero rise lime system, (a) anil (c). 
and (b) and (d) as seen on a system 
having the impulse response shoun by 
the dotted curves. Height measure- 
ments indicated by the arrows are still 
accurate, but further overlap would 
cause error. 



Fig. 9 (at right). The successive re- 
flections and transmissions produced 
by a pair of discontinuities in imped- 
ance. The first, /ram Z„ to Z, produces 
a reflection coefficient 
P, = (Z, - Z„)/(Z, + Z„) while the 
second from Z, to 7... produces 
p., = (Z.. -Z,)/(Z, +Z,). The sum of 
all the reflections is 



C - 



1 + 



Z - 7. 

/, +■/./ 



The sum of all the transmissions is I + p . 

If Z„ = 50n, m=lO lo /ser, and the 
smallest observable value of a is 10 ', we 
find the minimum delectable L= 10 '= 
henry, and C = 4x 10-" farad! 

Reflections closer together than tin- 
width of the impulse response (the use 
time of the step response) will overlap. 
Figure 8 shows two reflections (a) of 
opposite sign and (c) of the same sign. 
The corresponding responses ate shown 
in (b) and (d). Note that the peak of the 
impulse response from one reflection 
occurs just before or after the response 
from the other. Thus height measure- 
ments taken at the arrows will give cor- 
re< t measures of L or C. Closer separa- 
tion will not permit accurate measure- 
ment. We ran take the practical limit of 
resolution to be one half the width of 
the impulse response, i.e.. a little more 
than half the nominal rise time. Ob- 
viously any period of overshoot or ring- 
ing will further lengthen the minimum 
separation required for accurate meas- 
urement. 

MULTIPLE REFLECTIONS 

W henever more than one discontinu- 
ity is present multiple reflections occur, 
which, if ignored, can cause errors of 
interpretation. To see at what point 
these become serious let us consider the 
case of three transmission lines of dif- 
ferent impedances. Z„. Z, and Z., con- 
nected in tandem. Two discontinuities 
having reflection coefficients p, = (Z,— Z,,)/ 
(Z, -f Z„) and p.. = (Z, - Z,)/(Z ; + Z,) 
will be present and the series of reflec- 
tions these cause is shown as the set of 
arrows emerging to the left in Figure 9. 




Ignoring multiple reflections we would 
expert only two reflections of ampli- 
tudes Pl and p... The first actually occurs 
but the second is diminished by the 
factor (I — p -). There follows a geo- 
metric series of reflections each weaker 
than the last by the factor — From 
this we can conclude that, since each 
disturbing multiple reflection involves 
at least two more reflections than the 
primary echoes, we can neglect multiple 
reflections to the extent that PlPj << I 
for all i. j. 

The successive reflections (and trans- 
missions) in Figure 9 are of course de- 
layed by multiples of r. the propagation 
time of the middle line. Before adding 
the coefficients in the frequency domain, 
eac h should be multiplied by er nT Pwhere 
n is the number of crossings of the mid- 
dle line that has occurred. In the time 
domain each coefficient produces a dis- 
tinct impulse or added step. Figure 10 
shows the manner in which the succes- 
sive reflections accumulate for several 
impedance combinations. The converg- 
ence to the final value is in an alternat- 
ing geometric series if p, and p. have 
the same sign, and in a monotone series 
if they are of opposite sign. 

From curves (a) and (f) we notice 
that, even with a matched generator, 
reflections can more than double or can- 
cel the voltage or current on a line. In 
the cases shown the overshoot is 25% 
ami is the greatest amount obtainable 
using a dilferent impedance uniform 
line as a termination. 

IMPEDANCE PROFILES 

If we read the height of the traces of 
Figure 10 on the "ohmmetcr" scale of 
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Fig. 11. 7'/ir actual reflection /ram tin infinite expem 
tntlally tapered line (solid), and the line impedanee 
profile plotted on the vertical scale y = (Z — Z„)/ 
<Z +Z„) f dashed curve). The error incurred Irum 
reading impedance off the solid curve is under 7% 
lor Z/Z„ <3. 



Fig. 10. Incident ware and reflection pattern produced 
by multiple reflections shown in Figure 9. 



Figure I, then before the first reilei ti"ii 
.ill traces coincide at the value Z„. After 
the first reflection all traces have the 
value Z,, anil all assume the final value 
Z... If we take distance along the xaxis 
to represent distance along the line, the 
scale factor being the ratio of sweep 
speed to v/2, then cases (b) through (c) 
may be interpreted as a reasonably accu- 
rate profile of impedance along the line. 
Under certain conditions this interpre- 
tation is quite accurate and useful. 

in onler (or the impedance profile to 
be accurate, multiple relict lions must br 
small. In the foiegoing example I he 
greatest error occurs immediate]) alter 
the second reflection. 

Using the ohmmeter scale to read 
traces (r) and (e) immediately after the 
second reflection yields the lesull Z. = 
M Z. and IJ4A instead of I Z and 
Z.,/1: an error ol only 10%. For sntaita 
total impedance change the error is less. 

For the impedance profile to l>e valid, 
all enduring reflections must be pro- 
duced by impedance changes in a phvsi- 
cal structure. Discontinuities Midi as 
series resistance and capacitance, or 
shunt conductance and inductance pro- 
duce permanent reflections that do not 
represent changes in the characteristic 
impedance of ihe line. Small shunt ca- 
pacitive or series inductive discontinui- 



ties on the other hand produce short 
spike reflections before and alter which 
the impedance profile may still be valid. 

Olten a lime domain reflectometer is 
used to inspect cable quality oi the re- 
fections from some other supposedly 
smooth line. Here the rel lections, 



though possibly numerous, are normally 
all small and ihe impedance profile con- 
cept may be used with impunity. For 
small Variation! about Z„ we find from 
(3) that 

AZ = 2aZ„ (6) 

where a is the amplitude of the depar- 
ture from the incident unit step height. 
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Fig. 12. Reflection from an infinite lossy line. Wtlh no conductance the reflection eventu- 
ally corresponds to an open circuit: with no resistance, a short circuit. The distortionless 
line with R/L = (1/C produces no reflection. 
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Fig. 13. Three feet of RGS/V 
Open cirruileil. Su ccp speed 2.5 
ns/division. The round trip de- 
lay is 3.S divisions or 9 5 nana 
seconds The propagation ve- 
locity is thus IH:i meters/micro- 
second or ft"-/",', of the velocitv of 
light. The dielectric constant is 
therefore (1/.64)' or 2.4. 




Fig 14. Double exposure show- 
inn the incident step (below) 
and the re/lection from an open 
circuit al the end of 15 feet of 
RG-9/V. The slower rise and 
rounding of the top caused by 
cable loss are clearly evident 
2.5 ns/cm sweep speed. 




Fig. 15. Fifteen inches of 100- 
ohm cable spliced into a 50-ohm 
cable to nice the case depicted 
in Fig. 10c. The slight multiple 
reflection can be seen following 
the mam bump Aside from 
this, the trace is an accurate 
impedance profile of the line 




Fig. 16. Reflection from a 
lumped inductance of 330 nano- 
henries in series with a 50-ohm 
line. Sweep speed is 2.5 ns/cm. 
The time constant is L/2Z,, or 
3.3 nanoseconds. The finite rise 
lime of the step prevents the 
voltage from quite doubling. 



TAPERED SECTIONS 

When large impedance changes are 
necessary, an<! narrow band operation 

is permissible, quarter-wave matching 
sections are often used. (Figure 10 (b) 
and (e) show the profile that would be 
obtained for a matching section be- 
tween impedances having a 4 to I ratio.) 
When wide-band operation is desired a 
sec tion of line having a tapered imped- 
ance is commonly used. Such sections 
can be designed to produce very little 
reflection above some minimum fre- 
quency and thus be good high pass im- 
pCtlaiM e transformers. 




Fig. 17 Reflection from 100 picofarads 
shunting a 50-ohm line Sii'cep speed 2.5 
ns/cm. Time constant is CZ.,/2 or 2.5 nano- 
seconds. The finite rise time prevents the 
voltage from dropping quite to :ero. 




Fig. IS. A long section of lossy 60-ohm /in-- 
The jump from 50 ohms la 60 ohms is en 
dent at the start, followed by an irregular 
rise due to loss and cable defects. On the 
vertical scale shoun. the incident step 
would be 35 cm high. Much more vertical 
magnification could he used without dis 
tor lion. 



7. - Z„ e* 



If the impedance of an infinite tap- 
ered section varies exponentially with 
distance, x. the impedance at any point 
will be 

where the upper sign applies for waves 
travelling in the positive direc tion of x, 
the lower for waves travelling in the 
negative direction. The bracket has 
unity magnitude and assumes complex 
conjugate values for the two cases, Thus 
when joined at x = 0 to a uniform line 
ol impedance /,„ there is a mismatch 
in angle of impedance and 

kv 

2 

/> = 



v -0;) 



(8) 



The inverse transform of this expres- 
sion is the reflection produced by a unit 
impulse and is 




Fig. 19. A 50 ohm I unbalanced I to200 nhm 
(balanced) balun followed hy a section of 
turn lead tapering from 200 to 300 ohms 
The balun produces onl\ the minor reflec 
tions before the slope, but ihanges the ref- 
erence impedance level to 200 ohms. The 
slope is produced by the tapered section. 
Small inductive and capacitive discontinu 
ities produce the two pips in the 300-ohm 
portion of the trace. The former was pro- 
duced by slitting the twin lead and spread- 
ing the conductors, the latter by the lop of 
n metal partition over which the lead way 
draped. 
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(*-») 



A step function therefore produces the 
Integral of (9) or: 

Uz). 



f(t) 



'dz 



(10) 



Figure 11 shows the actual reflection 
(solid curve) as well as the shape it 
would have to have (dashed curve) to 
be a true impedance profile. The error 
made by interpreting the reflection as 
impedance on the ohmmeter scale is 
shown as the doited curve. For kx < 1.4, 
i.e., for impedance ratios less than e 1 ' 
~ 4, the error is less than 15%. 

The step function response, Si(x), of 
an ideal low pass filter naturally con- 
tains no frequencies above the cutoff, 
If the reflection from a tapered section 
had the shape of the sine-integral (or 
the step response of any completely low 
pass filler) this would imply no rellec- 
tion (and hence complete transmission) 
above a critical frequency. Using a time 
domain rellec tometer and a ra/or blade 
one could presumably empirically shape 
the impedance Z(x) of a snip line. Say, 
t'> produce the- desired reflei lion. 

LOSSY LINES 

Distributed series resistance and 
shunt conductance, unless properly bal- 
anced, will cause the characteristic im- 
pedance to be complex and cause reflec- 
tion it the junction with a distortionless 
line. Foi the lossy line we have 

jR + pL fl Ip + R L 

_7 P_±l 
p -f «r ' 

When connec ted to a line of impedance 
Z„, the reflection coeffic icnt 



6 • 
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Fit; 20 (a) A V-anlennu with tiro conduc- 
tor* per side tapered to give a constant 300- 
ohm impedance tor the first tiro feet alter 
which the impedance rites, lb) The same 
antenna with end conductors and mesh 
added to make side surtai <•» rather than 
rods. The sides form a conical 300-ohm 
transmission line. 

>1p + v -Wp + » 

results. Taking the Fourier transform we 

find for ihc reflection of .1 unit impulse 
Again. I lit- step response is llie Integral 

ol (ii ). For „ — o we Bnd 



f(l) = I - c 




(12, 

while for 7 = 0 



f(t) = c 




-I (13) 



These two dilutions aic shown in |-'ii>- 
ure 12. 

As time goes on. the line with only 
sci if. lesisl.ime („ Hi looks m< nt- .iml 
mote like an open i in nil while the line 
with only shunt conductance (7 = 0) 
looks more and mote like a short 1 in tail 

Normally one cm outliers lengths ami 
losses smh that only the initial part Ol 
these curves is seen. The initial sloj>c is 

found from (ii) 

'■<"»= "7= KM:) i«) 

Alter a time t. this slope will produce a 
departure a = lf'(l)) Itom the height 
ol the int idem unit step. If C — (t we 
C9D Interpret this departure ill tenns of 
accumulated series resistance. 1 hus 
from (ii) 



AZ = 2;,z ' = 2vri3 , = R 2 (,3) 

R is the resistance per unit length and 
vt/2 is the distance the incident wave 
had travelled for the time displayed. A 
similar result can l>e derived for (. il 
R = ». but no such simple picture ex- 
ists if neither R no) G is negligible. 

How well an actual physical system 
can display the theoretical responses dis- 
cussed above may be seen from the 
photographs reproduced as Figures IS 
to 21. 

SOME EXPERIMENTAL TECHNIQUES 

I 'sing a time domain reflet tometei 
one soon develops techniques for im- 
proving the speed and accuracy of meas- 
urements, Reflections are quick!) lo- 
cated by touching or squeezing along 
the line as mentioned earlier. If no dis- 
continuity is evident at or near the spot 
located, the observed echo may lie a 
multiple reflection. This ran often l»c 
checked by altering a few line lengths 
and noting if the echo in cpiestion 
moves with respect to the others. 

When looking at reflections far down 
a system or after man) earlier tellc-c 
lions, one can always check the effective 
iiu idem step si/e and lise time by shott- 
ing 01 opening the line at the |<oiut in 
question to produce unity reflection. 
The resulting step should be used as the 
reference rather than the incident step 
first seen by the scope. 

Highly accurate evaluation of shunt 
irregularities mas lie made l>\ chipln.il 
ing the observed rellection at some near- 
by point using known components 




(al 



Fig. 21. (a) The rellection Irani the an 
tennu ol Fig. 20(a). The tapering Imped 
ance causes a 20° '„ overshoot (as in Figs. 
Ida and 1 1 1 and there is a rapid initial rise 
caused by loo little lunging capacity at the 
open end. 

(h) The re/lection from the modified an- 
tenna of Fig. 20 (h). Xo reflection occur* 
at the throat: in fuel none incurs until the 
wave reaches the open em! The increased 
end capacity due to the end rods and the 



•Scries irregularities may be evaluated 
by cancelling the reflections they pro- 
duce using known components in shunt 
at the same point. Thus a small shunt 
capacitance will cancel the reflection ol 
a small scries inductance; a small shunt 
conductance will cancel a small setics 
resistance, etc. 

Such tec hniijues enable one largely to 
dispense with <|u.iutilative measure- 
ment! of the trace and deal directly in 
terms of the test circuit elements and 
locations. The oscilloscope becomes, in 
a sense, a qualitative indicator telling 
Where to look for trouble and what kind 
it is. The remedy is then determined by 
a quick sin cession of dials, guided by 
the display. 

In narrowband resonant structures 
FDR is of little use because the reflec- 
tions arc apt to be overlapping oscil 

lator) transients of long duration. Here 

the time domain picture is complex and 
the frequency domain pic ture is usually 
simpler, Bui in the wide band sti uc lutes 
which comprise the majority of cases 10 
day, FDR is incomparably lastet and 
simpler than conventional SW'R 01 ie 
Hectometer methods. 
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constant characteristic impedance produce 
u smooth reflection with rcry little over- 
shoot. The reflection may be approximated 
by an exponential rise of 16-iianosecond 
lime constant. Thus the return loss is 3 db 
at III Mr and falls al « dh fixture uburc 
this Irequency to become II db al 30 Mc. 
20 dh at 100 Mc. and 26 db at 200 Mc. 
Snap speed is .5 ns/cm: incident step 
height in .5 cm. 
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TIME DOMAIN REFLECTOMETRY WITH A 
PLUG-IN FOR THE 140A OSCILLOSCOPE 



Iimk domain refleecometry measure 
menu :ire easily made Willi the -hp- 
Model 1-IOA genera I purpose Oscillo- 
scope and a plug-in designed spec ifirally 
for such measurements. To make a time 
domain rcflci tome-try measurement with 
this plug-in, -hp- Model I415A, it is 
onlv necessary to lorineil the svsiem to 
be lesled to a Iront panel coaxial ion 
ncrtor and to set the controls lor the 
desired time base and amplitude range. 

As shown in the bloc k diagram, the 
voltage step from l lie internal generator 
in the plug in passes through the samp 
ling channel to the external system un- 
der test. Reflections from an] imped 
ant'C mismatches in the external system 
travel back through the sampling gate 
and are displayed on the caihodc-r.n 
tube in the oscilloscope main frame. 
The reflections subsequently are ab- 
sorbed by the matched source imped 
am e of the step generator. 

Sweep magnifier controls enable any 
portion of the train of reflec lions to be 
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Voltage step generator in -hp- I4ISA Plug 
in connects directly to feed-through tamp- 

ling channel Plug-in also has rate genera 
tor anil necessary synchronizing functions. 



SYSTEM tn rcflectometer configuration I : 

RISE TIME Less than 150 ps 

OVERSHOOT <S% (down lo ',4°', in I nsi 

REP RATE: 200 he. 
SIGNAL CHANNEL: 

RISE TIME Apprommatety 90 ps 

SENSITIVITY: 1 trw/cm lo 0 1 v/cm 

NOISE Less than 0 2 mu peat lo peak 

DYNAMIC RANGE • 1.0 v 




Self-contained -hp- I4tc>,\ Time Domain 
RefUclometer Plug in for -hp- I40A Oteit- 

loscope makes detailed measurements on 
transmission systems up lo 1000 feet in 

length (incident step top is flat within i"„ 

for 200(1 nnnosecs). 

expanded lor detailed examination. 
The controls are calibrated to indicate 
the distance to the section of line under 
examination, simplifying identification 
"f the physical location of obseived dis- 
continuities. The wide dynamic range 
of the sampling channel allows expan- 
sion in the vertical dimension so that re- 
llec lions that arc even as small as 0.1% 
of the incident step may be e xamined in 
detail. 

Overall system rise time is less than 
150 picoseconds, enabling resolution oi 
discontinuities that are spaced about I 
cm apart in coaxial systems. 

The plug-in also provides outputs 
that permit replicas of the ilispl.isc-cl 
waveform to be recorded in permanent 
form on an external X-Y recorder. For 
this application) the horizontal sweep is 
generated manually with a from panel 
control. Manual control of the sweep 
also enables the amplitude of anv part 
ol the observed waveform to Ire mea- 
sured precisely with a digital voltmeter 
connected lo the Y-axis recorder output 



TENTATIVE SPECIFICATIONS 
-hp- 
MODEL 1 4 I 5 A 
TIME DOMAIN REFIECTOMETER 
PLUG-IN 



PULSE GENERATOR: 

AMPLITUDE Approximately 0 25 v into SO 
ohms. 

RISE TIME: Appro.imalely 50 ps 
OUTPUT IMPEDANCE: 50 ohms • 1 ohm 
DROOP Less than 1- . 
TIME SCALE: 

SWEEP SPEEDS 20 ns/cm to 200 m/cm 
MAGNIFICATION . I to .200 
P.IViT, CONT "OL 0 to 2000 ns, calibrated 
JITTER: less than 10 ps 

PRICE: S1050 fob factory 

Data subject to change without notice 



TDR WITH -hp- 
SAMPLING SCOPES 

The -hp- Model 188A Plug-in for the 
185A/B Sampling Osc illoscopes realizes 
the highest resolution yet attained in 
TDR system. When the inc idem slep is 
supplied by the -hp- Model 2MB tun- 
nel-diode Pulse Cienerator. overall sys- 
tem rise times approaching 120 picosec- 
onds are achieved with the 188A. 

Well-defined lime domain lellectom 
etrj measurements also arc made with 
the 187A/B plug-ins and the 185A/B 
scopes. The high impedance probes of 
these plug-ins are well-fitted for bridg 
bag 50 ohm lines (see Fig. 2. page 1). Sys- 
tem rise time with the 185B/187B is less 
than '/i nscc when the 21 3B Pulse Gen- 
erator supplies the incident step, or 2 
nser. if the I85B sync pulse serves by it- 
self as the step. 



i 



Fast-rise feed-through sampling channels 
of -hp- IS8A dual-channel plug-in for-hp- 
ISSA/B Sampling Oscilloscopes bridge 50- 
ohrn Una without attenuation. 



Pulse Output 




TDR measurements are easily made with 
-hp- ISM plug-in since plug-in allows in- 
cident step and returning reflections to pass 
through in opposite directions. 
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